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The measurement of volatile organic compounds (VOCs) was conducted during November 2014 in the
suburban area of Beijing, China, covering the period of the Asia-Paciﬁc Economic Cooperation (APEC)
meeting period. The VOCs characteristics and source apportionment were analyzed. The average mass
concentrations of VOCs were 27.6 ± 19.7 mg/m3 during the sampling period, and aromatics and alkanes
were the most abundant VOCs species in atmospheric environment in Beijing which were 12.2 ± 10.3 mg/
m3 and 11.3 ± 7.5 mg/m3, respectively. The hourly variation of VOCs was found, with the highest con-
centration occurring at 8:00 to 9:30 and lowest at 12:30 to 14:00. The sampling period was divided into
two periods: period Ⅰ represent the period without emission-reduction measures, and period Ⅱ represent
the period with reduction measures. The VOCs concentrations during the period Ⅱ was 31.0% lower than
period Ⅰ. The Maximum Incremental Reactivity (MIR) method was applied to analysis the ozone for-
mation potential (OFP). The OFP of VOCs from period Ⅰ was 1.6 times higher than period Ⅱ, and the
majority of VOCs species were alkenes and aromatics. Positive matrix factorization was applied to es-
timate contributions of potential VOCs sources. The vehicle exhaust emission was the major source of
VOCs during the two periods, and the contribution to VOCs was 5.7% lower during period Ⅱ than period Ⅰ
due to the emission-reduction of vehicle operation.
Copyright © 2016 Turkish National Committee for Air Pollution Research and Control. Production and
hosting by Elsevier B.V. All rights reserved.1. Introduction
Beijing, as the capital city, is the center of politics, culture and
international communication of China, and has experienced
considerable changes through rapid urbanization processes in the
past decades. However, its growth has also been associated with a
number of environmental concerns (i.e., increased industrial
emissions, energy consumption, and vehicle population). The air
pollution in Beijing has been changed from the early soot-type to
the complicated pollution of soot-type and vehicle exhaust. The
level of gaseous pollutants increased considerably in atmospheric
environment and posed signiﬁcant challenges to governments (Lee
et al., 2006). According to the air quality report of 74 importantg on Regional Air Pollution
124, China
n (G. Wang), chengsy@bjut.
nal Committee for Air Pollu-
ittee for Air Pollution Research ancities published by Ministry of Environmental Protection of the
People's Republic of China, only 47% days met the ambient air
quality standard of China, which the Air Quality Index (AQI) is less
than or equal to 100, in Beijing in 2014 (MEPPRC, 2015). Episodes of
high ozone (O3) concentrations also frequently occurred in Beijing,
and the highest hourly concentration could reach 500.0 mg/m3,
which was 2.5 times higher than 200.0 mg/m3 for 2nd-level air
quality in China (GB 3095-2012). The volatile organic compounds
(VOCs) are important precursors to the O3 formation through the
photochemical reactions in the presence of sun light (Louie et al.,
2013). To reduce the O3 effectively, VOCs should be given more
attention (Suthawaree et al., 2012). For instance, the mainly reason
of high O3 concentration in Houston, United States was the highly
reactive composition of VOCs emitted from petrochemical enter-
prise (Ryerson et al., 2003). Liao et al. (2014) indicated that the
reduction of VOCs emission could decrease the peak O3 concen-
tration effectively in the northeastern U.S. The results proposed by
other researchers (Song et al., 2007; Tang et al., 2009; Xu et al.,
2008) also indicated that the level of O3 concentration controlled
by VOCs in recent years in Beijing. Additionally, VOCs are one of thed Control. Production and hosting by Elsevier B.V. All rights reserved.
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formation. VOCs can form SOA by photochemical oxidation
(Pachauri et al., 2013), which has signiﬁcant adverse effects on
human health (Hou et al., 2015; Zhang et al., 2008). Researches had
examined the ability of their oxidation products to contribute to
SOA formation. For instance, Li et al. (2015) conducted experiments
on VOCs using an online system in China in 2014 and the secondary
organic aerosols potential (SOAP) approach was used to estimate
variations of precursor source contributions to SOA formation.
Fractional aerosol coefﬁcients (FAC) method was used to estimate
the potential formation of SOA in Shanghai by Wang et al. (2013).
The result indicated that aromatics are the most important SOA
precursors.
In view of the negative effects of VOCs on the air quality, human
health, and O3 pollution, a variety of studies have been reported to
investigate the characteristics and sources of VOCs. The seasonal
variation of VOCs was measured in urban area of Dallas, USA from
1996 to 2004 (Qin et al., 2007). The time series for anthropogenic
emission hydrocarbons showed an obvious seasonal cycle with
relatively high concentration in winter and low concentration in
summer which was connected with source emissions and meteo-
rological conditions. The source apportionment of VOCs was also
reported. Receptor-oriented source apportionment models were
the main tools for the estimation of source contributions to pol-
lutants. The widely used models are the principal component
analysis (PCA) (Wang et al., 2015), positive matrix factorization
(PMF) (Zhang et al., 2014), and chemical mass balance (CMB) (Olson
et al., 2009). Zhang et al. (2014) indicated that gasoline-related
emission and organic solvents were the main VOCs sources at
Gongga Mountain in Sichuan, China, accounting for 35.1% and
21.8%, respectively. Guo et al. (2011) also indicated that organic
solvents (46 ± 1%) and vehicular emissions (26 ± 1%) were themost
signiﬁcant contributors to ambient VOCs in Pearl River Delta. These
previous studies could provide scientiﬁc support to further re-
searches, such as global climate change, atmospheric chemical
mechanism, and pollution control. However, for a comprehensive
understanding of VOCs, there is still lack of temporal distribution,
source apportionment, and environmental impact on O3 in Beijing.
The rapid growth of vehicle population and energy consumption
had also greatly aggravated the levels of atmospheric pollutants in
recent years (Lang et al., 2012). What is more, the Asia Paciﬁc
Economic Cooperation (APEC) was held in the suburban area in
Beijing from 5th November to 11th November, 2014 in Huairou
district, including the 22nd APEC Economic Leaders' Meeting. APEC
is the most inﬂuential economic forum in our region and one of the
most dynamic organizations for economic cooperation in the
world. To achieve the goal of “blue APEC”, emission-reduction
measures had been carried out by Beijing and surrounding areas
governments to guarantee the air pollution controlled and less-
ened. The measures had provided a golden opportunity for envi-
ronmental protection workers to study the VOCs pollution
characteristics.
In order to provide sound basis for the effective control of at-
mospheric VOCs, it is urgent and of great importance to examine
the VOCs from the suburban area in Beijing during this period.
Therefore, observations of ambient VOCs samples were conducted
to discuss the characteristics from 1st November to 25th November,
2014 in Beijing, China. The objectives of this study mainly include:
(1) analyzing the pollution levels of VOCs, comparing the VOCs
concentrations before and after the emission-reduction measures,
and evaluating the effective of the control measures; (2) investi-
gating the ozone formation potential (OFP) of VOCs; (3) identifying
the emission source contributions to VOCs. The discussions have
signiﬁcant theoretic values, and could provide a scientiﬁc tech-
nique support for improving Beijing's air quality.2. Methods
2.1. Sample collection
Beijing (115.7Ee117.4E, 39.4Ne41.6N) is located in the
northern part of the North China Plain, which is one of the most
economically vibrant regions in China. Beijing belongs to the semi-
humid continental monsoon climate, and prevailing northwest
wind inwinter, and southeast wind in summer. The annual average
temperature is 10e12 C, and annual average precipitation is about
600 mm. It possesses a population of over 21 million in 2015 and a
land area of about 16,410 km2. The University of Chinese Academy
of Sciences (UCAS) site located in the Huairou district of Beijing was
selected for collecting VOCs samples (Fig. 1). The sampling site was
placed on the rooftop of an ofﬁce building (20 m above the ground
level) on the campus where the atmospheric mixing was even so as
to reﬂect the condition of regional atmospheric pollution. The UCAS
site was 2.2 km away from APEC meeting area. It is surrounded by
mountains to the north and west, while buildings to its east and
south. The road with moderate trafﬁc is located 100 m away in the
east side of the sampling site. Therefore, the UCAS site could
represent a mixed educational activities, trafﬁc and residential
environment of suburban area.
In order to analyze the diurnal and hourly variation of VOCs,
and to determine the effect of the emission-reduction measures,
samples were collected on 25 days from 1st November to 25th
November in 2014, and each day with three 1.5-hr sampling pe-
riods (8:00e9:30, 12:30e14:00, and 16:00e17:30) and one 4-hr
sampling period (20:00e24:00). The four sampling periods
could be well representative the VOCs concentrations during the
early morning, noon, evening, and night. Samples were collected
using electro-polished stainless steel canisters (3.2 L, Entech In-
struments, Inc. California, USA) with a ﬂow-controller (Entech,
USA) (Li et al., 2014). In total, 100 VOCs samples were collected
during the sampling period and sent to laboratory for analysis.
Additionally, meteorological parameters (ambient temperature,
relative humidity, wind speed, wind direction, atmospheric
pressure and precipitation) were obtained from the Weather
Underground website (www.wunderground.com). The concen-
trations of gaseous pollutants (PM2.5, O3, NO2, SO2, and CO) were
obtained from Beijing municipal environmental monitoring cen-
ter which were measured in Huairou town station. The Huairou
town station was about 8.9 km away in the southwest side of the
sampling site.
2.2. Chemical analysis
The VOCs samples collected in canisters were measured using
Gas ChromatographyeMass Spectrometry (GCeMS, Model 7890A/
5975C, Agilent Inc) according to the method recommended in
Environmental Protection Agency (EPA) TO-15 (U.S. EPA, 1999).
Samples were pumped into the pre-concentrator (Model7100,
Entech Instruments Inc., California, US) which is equipped with 3-
stage cryotraps (Module 1e3). Firstly, samples were entered into
the ﬁrst cryotrap (Module1) to remove H2O, N2, CO2, CO and O2
at 165 C by liquid nitrogen, and they were then recovered by
desorbing at 10 C to leavemost of the liquid H2O behind in the ﬁrst
trap. Secondly, the cryotrap (Module2) was cooled to50 C, which
was used to remove the Ar, CH4, and CO2 and trace water. The
desorption temperature was then backﬂushed at 180 C. Thirdly,
VOCs samples were frozen to 160 C in the Module3 trap which
was constituted by the empty capillary (Liu et al., 2008b). The
Module3 trap was then rapidly heated to 60e70 C to make the
VOCs samples vaporize rapidly. Helium was used as the purge gas
for the cryogenic pre-concentrator and the carrier gas for GC
Fig. 1. Location of the sampling site and important VOCs sources in the suburban area of Beijing.
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was used in the GC system. For GC analysis, the initial temperatures
were held at20 C for 1min, and then increased to 0 C at a rate of
5 C/min. This temperature was held for 1 min, and then ramped to
100 C at 10 C/min, to 150 C at 5 C/min, and ﬁnally to 200 C at
12 C/min.2.3. Quality control
The canisters were precleaned and vacuumed by humid ultra-
pure nitrogen (N2) (99.999%) to remove water vapor, air and any
organic compounds before sampling (Duan et al., 2008). Each
canister was evacuated to <100 mtorr, and then pressurized to
30 psia by ﬁlling with N2. After three cycles of ﬁlling and evac-
uation by Canister Cleaning System (Model 3100A, Instruments
Inc), canisters with a ﬁnal vacuum of <30 mtorr were ready for
sample collection. Canisters were checked by the same VOCs
analytical method to ensure that all the target compounds were
not detected or under the method detection limits (MDL). The
MDL for all the measured VOCs species ranged from 0.1 to
1.2 ppbv. Photochemical Assessment Monitoring Stations (PAMS)
certiﬁed gas was diluted to 4 different concentrations (2.5, 5.0,
10.0 and 20.0 ppbv) by a dilution system (model 4600A, Entech
Inc.) for the quantiﬁcation of target compounds. A calibration
curve of each target compound was performed and the correla-
tion coefﬁcient values were all above 0.99, which showed the
good linearity between the integral areas of peaks and the cor-
responding concentrations. The cryogenic preconcentrator was
baked after each analysis, and the GC column was also baked after
analysis of every 20 samples (Wei et al., 2014). In total, 49 VOCs
species were detected, including 25 alkanes, 9 alkenes and 15
aromatics, in all samples collected from ambient atmosphere
(Table 1). With the concentrations (ppbv) obtained from cali-
bration curves and parameters (ambient temperature and atmo-
spheric pressure) acquired from the Weather Underground
website, concentrations (mg/m3) of each target compound can be
calculated as follows:Ci ¼
Mi  C0i
22:4
 273:15
273:15þ T
Ba
101:325
(1)
where Ci represents the concentrations (mg/m
3) for VOCs species i.
The Mi and C
0
i represent the molecular weight and concentration
(ppbv) for VOCs species i, respectively. T and Ba represent the
ambient temperature (C) and atmospheric pressure (kPa) during
the sampling period, respectively.2.4. PMF model
The PMF is a widely implemented multivariate factor analysis
receptor model and has been used in many VOCs source appor-
tionment studies (Bari et al., 2015; Dumanoglu et al., 2014; Saeaw
and Thepanondh, 2015; Sauvage et al., 2009). The fundamental
principle of PMF is the conservation of mass analysis. By using
the species concentration of the samples, the model could obtain
sources of chemical compositions and contributions that
affecting the sampling point. In this paper, PMF 3.0 was used to
apportion the contributions from emission sources. The mass
balance equation of the general receptor model can be written as
follows:
Xij ¼
Xp
k¼1
gikfkj þ eij (2)
where Xij is the concentration of j species measured in the i sample,
gik is the species contribution of the k source to the i sample, fkj is
the fraction of j species from the k source, eij is residual associated
with the j species concentration measured in the i sample, and p is
the total number of the sources.
The factorization problem in PMF is solved by minimizing the
sum of the square of the residuals weighted by measurement un-
certainty matrix. The PMF solution minimizes the object function Q
based on the uncertainties:
Table 1
VOCs detected in this study.
No. VOCs No. VOCs No. VOCs No. VOCs
1 Propene 14 2,3-Dimethylbutane 27 Methylcyclohexane 40 p-Ethyltoluene
2 Isobutane 15 Cyclopentane 28 2,3,4-Trimethylpentane 41 n-Decane
3 1-Butene 16 3-Methylpentane 29 2-Methylheptane 42 1,3,5-Trimethylbenzene
4 n-Butane 17 1-Hexene 30 3-Methylheptane 43 o-Ethyltoluene
5 t-2-Butene 18 n-Hexane 31 Toluene 44 1,2,4-Trimethylbenzene
6 c-2-Butene 19 2,4-Dimethylpentane 32 n-Octane 45 1,2,3-Trimethylbenzene
7 Isopentane 20 Methylcyclopentane 33 Ethylbenzene 46 m-Diethylbenzene
8 1-Pentene 21 2-Methylhexane 34 n-Nonane 47 p-Diethylbenzene
9 n-Pentane 22 Cyclohexane 35 m,p-Xylene 48 n-Undecane
10 Isoprene 23 3-Methylhexane 36 o-Xylene 49 n-Dodecane
11 t-2-Pentene 24 Benzene 37 Isopropylbenzene
12 c-2-Pentene 25 2,2,4-Trimethylpentane 38 n-Propylbenzene
13 2,2-Dimethylbutane 26 n-Heptane 39 m-Ethyltoluene
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Xn Xm  eij
s
!2
(3)i¼1 j¼1 ij
where n and m are the number of samples and the number of
chemical species, respectively. Sij is an uncertainty estimate in a
data point with the j species measured in the i sample.
To determine the optimal number of sources, it is necessary to
test different numbers of sources and to ﬁnd the optimal value
corresponding to the most reasonable results. If the number of
sources is estimated properly, the theoretical Q value should be
approximately the number of degrees of freedom or approximately
the total number of data points. However, if the number of sources
is not well determined, the Q value may deviate from the theo-
retical value. The input data ﬁles include concentrations and un-
certainties of VOCs. The uncertainty for each variable is calculated
from concentration and the MDL. If the concentration was above
the MDL, uncertainty was assumed to be
(0.1  concentration þ MDL/3), and if else the concentration
replaced by MDL/2 (Jang et al., 2013) and the uncertainty was
assumed to be (5*MDL/6) (Hopke, 2000).
For assessing the predictions, PMF model solutions were per-
formed by setting a set of different Fpeak values from 0 to 1 to study
the impacts of Fpeak-rotation (Shi et al., 2014). The Q values and
proﬁles for species of the Fpeak runs were examined, and the re-
sults were acceptable. The bootstrap technique was performed to
estimate the stability and the adequate number of PMF factors
(Bressi et al., 2014; Hemann et al., 2009). Then, bootstrapping was
carried out performing 100 bootstrap runs, using a random seed
and a minimum correlation R value of 0.6. A bootstrap solutionwas
recorded only when each factor of that solution could be uniquely
matched to a base case factor by factor proﬁle, generating a rate of
factor matching. The number of factors used in the ﬁnal model in
this study was based on the interpretability of different PMF solu-
tions and the factor matching rate of bootstrapped PMF solutions.
Finally, three factors were identiﬁed inﬂuencing the VOCs con-
centrations during the two periods using PMF with bootstrap
technique.
A comparison between observed values and predicted values is
useful to determine if the model ﬁts the individual species well.
Therefore, the correlation between observed concentrations and
the predictions for the solutions were studied. The correlation co-
efﬁcients (R2) between observed and predicted concentration of
total VOCs concentrationwere both 0.98 during period Ⅰ and period
Ⅱ (Fig. 2). A good correlationwere also found between observed and
predicted concentration of the VOCs species used for PMF, and the
R2 was ranged from 0.89 to 0.98. Good positive correlations were
obtained for the predicted source contributions, suggesting that the
observed concentrations can determine the ﬁnal results of PMF.3. Results and discussion
3.1. VOCs characteristics during sampling period
Table 2 demonstrated the result of mass concentrations of VOCs
species during the sampling period. The average mass concentra-
tions of VOCs were 27.6 ± 19.7 mg/m3, and the major components
were aromatics (12.2 ± 10.3 mg/m3), followed by alkanes
(11.3 ± 7.5 mg/m3) and alkenes (4.1 ± 2.3 mg/m3). Thus the results
showed that alkanes and aromatics were the most abundant VOCs
in atmospheric environment in Beijing, accounting for 40.9 ± 8.2%
and 44.4 ± 12.9% of total VOCs concentrations, respectively, which
was consist with the result conducted in Beijing by Liu et al. (2005).
The abundance species in alkanes were n-butane (8.1 ± 2.6%),
isopentane (6.1 ± 1.7%), isobutane (5.7 ± 1.8%), and n-pentane
(4.4 ± 1.4%). Propene (8.0 ± 4.0%) and 1-butene (3.6 ± 1.8%) were
the two most abundant compounds of alkenes.
Studies about aromatics were widely reported and some
abundant components had already triggered general concern due
to their negative impacts on environmental and public health (Ras-
Mallorqui et al., 2007). Benzene, toluene, ethylbenzene, m,p-
xylene, and o-xylene (BTEX) were the most abundant aromatics
in this study with the concentration of 3.0 ± 2.9 mg/m3, 3.8 ± 3.4 mg/
m3, 1.7 ± 1.7 mg/m3, 1.3 ± 1.2 mg/m3, and 0.9 ± 1.0 mg/m3, respec-
tively. Comparison showed that BTEX concentrations in this study
were at least 78.5% less than those in Beijing in 2004 (Liu et al.,
2009). In addition, BTEX concentrations in this study were similar
to that during the 2008 Olympic Games period in the urban area of
Beijing (Gros et al., 2007). That was due to the strict air clean actions
adopted by Chinese government to achieve the goal of “Green
Olympic Games” (Hao and Wang, 2005). However, BTEX concen-
trations at a suburban site (i.e. Wan Qing Sha site) of the Pearl River
Delta region had the relatively higher values, especially for benzene
concentrations, which were 3.7 times higher compared with that in
this study (Ling et al., 2011).
The benzene and toluene ratio (T/B) has been widely used as a
simple method for evaluating the vehicle exhaust contribution to
aromatics by assuming that a relatively stable ratio (T/B ¼ 2.0)
exists for vehicle exhaust (Nelson and Quigley, 1984). T/B < 2.0
indicated that aromatics was signiﬁcant inﬂuenced by vehicle
emission. T/B > 2.0 indicated aromatics was inﬂuenced by sol-
vent evaporation and combustion sources. This method has been
adopted by many researchers (Barletta et al., 2005; Wang et al.,
2012). The T/B ratio ranged from 0.37 to 6.35 with the average
value of 1.27 in this study during the sampling period, which was
consistent with previous studies conducted in Beijing by Wang
et al. (2012) (T/B ¼ 1.05). That indicated vehicle emission
might be the main source of aromatics in suburban area of
Beijing.
Fig. 2. Correlation between the observed and predicted concentrations during the two periods.
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The VOCs, PM2.5, O3, NO2, SO2, and CO concentrations during the
sampling period were showed in Fig. 3. The results indicated that
VOCs concentrations had good correlation with PM2.5, NO2, SO2,
and CO concentrations, and the correlation coefﬁcients ranged from
0.79 to 0.83. Negative correlation with O3 was found (correlation
coefﬁcients¼0.59). COwas often used as the indicator for vehicle
exhaust (Liu et al., 2009), and the higher correlation coefﬁcients
(0.80) reﬂected the inﬂuence of vehicle emission on ambient VOCs
concentration.
A minimum value of VOCs, PM2.5, CO and SO2 concentrations
were measured in 2nd November (Fig. 3). That was mainly because
of the favorable weather conditions, such as the higher wind speed
(11.1 m/s), the higher visibility (24.0 km), and the lower humidity
(24.3%RH), which were conducive to the spread of air pollutants.
Sharply increasing of VOCs and PM2.5 concentrations were also
observed in 4th November. The concentrations of VOCs and PM2.5
were 2.4 and 6.7 times higher comparedwith that of 3rd November,
respectively. The SO2 concentration also reached the highest value
(37.7 mg/m3) during the sampling period. It was mainly due to that
the celebration was conducted by setting off ﬁreworks to welcome
the APEC meeting in the Bird's Nest National Olympic Stadium in
Beijing, China (Fig. 1). The UCAS site was located in the northeast of
Bird's Nest, and emissions from the surrounding areas might
aggravate the pollutants concentrations in UCAS site to a great
extent. Additionally, both VOCs and PM2.5 concentrations reached
the highest value in 20th November, which was 82.5 mg/m3 and
256.1 mg/m3, respectively.
Then a heavy pollution episode with haze weather from 17th to
22nd November was selected to further analyze the reason of VOCsTable 2
Mass concentrations of VOCs species during the sampling period (mg/m3).
Species Average ± SD Species
n-Butane 2.3 2.0 Propene
Isopentane 1.7 1.7 1-Butene
Isobutane 1.6 1.4 1-Hexene
n-Pentane 1.2 1.2 1-Pentene
n-Hexane 1.0 0.9 t-2-Butene
2,3-Dimethylbutane 0.9 0.8 c-2-Butene
Methylcyclopentane 0.5 0.6 t-2-Pentene
Other alkanes 2.1 2.0 Other alkenes
Total alkanes 11.3 7.5 Total alkenespollution formation in Beijing. Table 3 lists the corresponding
meteorological parameters and the concentrations of precursor
gases. The increase of VOCs concentrations could be considered as
the result of local emission patterns and meteorological conditions.
Firstly, the haze weather episode was occurred in the heating
period, and coal and biomass combustion for heating might be one
of the major sources of atmospheric pollutants. The atmosphere
was controlled by uniform pressure ﬁeld according to the ground
pressure ﬁeld provided by the Korea Meteorological Administra-
tion, which was conducive to the accumulation of pollutants. For
instance, the concentrations of PM2.5, SO2, NO2, and CO were also
reached relatively high values due to the increased emission
sources. Secondly, although the solar radiation (78.8Watts/m2) was
small under the cover of haze, the smaller wind speed (1.2 m/s) and
higher air humidity (68.5%RH) were conducive to photochemical
reactionwhich could result in the formation of secondary pollution.
The greatly decreased of O3 concentrations (5.3 mg/m3) was found
and this might be caused by the reduced generation and increased
consumption. The higher solar radiation was the premise of the O3
formation. The smaller solar radiation during this pollution episode
might go against the O3 formation. What is more, the NOx titration
might consume O3 resulting in a decrease of O3 concentrations.
Finally, the permanent transport might favor the accumulation of
pollutants. In order to investigate the transport pathways, the air
mass backward trajectory analysis was carried out using the Na-
tional Oceanic and Atmospheric Administration (NOAA) Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model,
and this method has been adopted by many researchers (Pachauri
et al., 2013; Zhang et al., 2012). Therefore, 48-hr air mass back
trajectories arriving at 500, 1000, and 1500m above ground level at
00 UTC 19th and 20th November were calculated. It could be foundAverage ± SD Species Average ± SD
2.2 2.1 Toluene 3.8 3.4
1.0 0.9 Benzene 3.0 2.9
0.4 0.6 Ethylbenzene 1.7 1.7
0.2 0.2 m,p-Xylene 1.3 1.2
0.1 0.2 o-Xylene 0.9 1.0
0.1 0.2 o-Ethyltoluene 0.3 0.2
0.0 0.1 m-Ethyltoluene 0.3 0.2
0.1 0.1 Other aromatics 0.9 0.8
4.1 2.3 Total aromatics 12.2 10.3
Fig. 3. VOCs, PM2.5, O3, NO2, SO2, and CO concentrations during the sampling period.
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500 mwas mainly transported from south areas. Many cities in the
south side of Beijing were also suffered a serious air pollution
during this pollution episode, especially for Tianjin and Baoding
cities in the Beijing-Tianjin-Hebei Region of China, where the air
quality had reached the severe pollution level. The chemical reac-
tivity of alkanes was smaller and relatively stable compared with
alkenes and aromatics (Atkinson and Arey, 2003). Thus it could be
seen that the VOCs in the UCAS site, especially for alkanes, were
more likely to proceed a long-distance transmission, and the con-
centration was inﬂuenced by the zone transfer.
The hourly variation of VOCs was also discussed in this study. It
could be found that the VOCs concentration peaked around 8:00
and 16:00 (Fig. 5). The maximum concentration was found from
8:00 to 9:30 in the morning, which might inﬂuenced by rush hour
trafﬁc and a relatively lower boundary layer height. VOCs
consumed by diurnal atmospheric photochemical reaction due to
the high temperature and strong radiation (about 273.7 Watts/m2),
especially at 12:30 to 14:00, leading to a relatively low VOCs con-
centration (Warneke et al., 2004). The O3 concentration was also
achieved a high value during this period (about 48.4 mg/m3), which
was 1.7 times higher than the hourly average (28.7 mg/m3).Table 3
Meteorological parameters and concentrations of precursor gases during heavy haze epi
Date Humidity (%RH) Wind speed (m/s) Solar radiation
(Watts/m2)
VOCs (mg/m
2014/11/17 31.9 1.6 141.7 14.5
2014/11/18 39.0 0.1 127.9 15.3
2014/11/19 64.2 0.2 65.7 57.9
2014/11/20 68.5 1.2 78.8 82.5
2014/11/21 38.4 2.4 103.2 11.1
2014/11/22 37.8 0.4 118.6 11.3Additionally, the mixing layer vertical extension was strengthened,
leading to the lower atmospheric stability (Guinot et al., 2006).
Alkanes, alkenes, and aromatics concentrations decreased 7.6 mg/
m3, 2.5 mg/m3, and 5.9 mg/m3, respectively compared to the
morning rush hour. Thereafter, the VOCs concentration increased
until the second peak (16:00 to 17:30) occurred due to the rush
hour trafﬁc in the evening.
3.3. VOCs variation during period Ⅰ and Ⅱ
A series of effectively emission-reduction measures, including
industrial enterprises, vehicle sources, and fugitive dust, were
carried out by Beijing and surrounding areas governments during
the APECmeeting. Meanwhile, Hebei province, Shandong province,
Shanxi province, Inner Mongolia, and Tianjin city were also taken a
series of strict measures to control emission sources. Therefore, the
sampling period was divided into two periods to discuss the VOCs
characteristics before and after the emission-reduction measures:
period Ⅰ represents the period without emission-reduction mea-
sures from 1st to 2nd November, and 13th to 25th November, and
period Ⅱ represents the periodwith reductionmeasures from 3rd to
12th November.sode from 17th to 22nd November 2014.
3) PM2.5 (mg/m3) SO2 (mg/m3) NO2 (mg/m3) CO (mg/m3) O3 (mg/m3)
20.7 12.1 32.7 0.7 40.5
37.5 15.3 43.4 0.9 23.3
143.3 35.2 88.7 2.0 4.7
256.1 23.8 106.4 2.7 5.3
116.6 15.4 69.3 1.6 21.9
29.0 10.4 42.1 0.8 33.0
Fig. 4. 48-hr air-mass back trajectories during 19th and 20th November, 2014 (the star denote the sampling site of VOCs).
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periods were displayed in Fig. 6. The ambient VOCs levels during
the period Ⅱ demonstrated a decreasing tread with 31.0% obvi-
ously than period Ⅰ. From the emission sources perspective,
vehicle emission was still recognized as a signiﬁcant source of
ambient VOCs even though strict emission standards had imple-
mented by national governments (Huang et al., 2011; Liu et al.,
2008a). In view of this situation, vehicles were restricted based
on the odd-even day operation in addition to the public and
special vehicles during period Ⅱ. Additionally, a large number of
vehicles had lay-off by the government institutions and stateFig. 5. Hourly variation of VOCs concentrations during sampling time.enterprises. It could also be found that the lower VOCs concen-
trations during the period Ⅱ were mainly caused by the sharply
decline of aromatics (38.1%) and alkenes (27.6%). Compared with
the period Ⅰ, the concentrations of toluene, m,p-xylene, 1,3,5-
trimethylbenzene, benzene, and propene decreased signiﬁcantly
about 51.2%, 48.4%, 47.5%, 46.5%, and 46.5%, respectively. A
signiﬁcantly decreased rate of CO was also found during the
period Ⅱ (40.7%). Those were all the main species of vehicle
emissions (Liu et al., 2009) and in accordance with the emission-
reduction measures of vehicles during this period. Power plants
and industrial enterprises were also the main sources of ambient
VOCs (An et al., 2014). Coal-ﬁred power plants had reduced
emissions by 20%e30% by reducing the production load. As many
as 148 industrial enterprises were discontinued and limited
production. It had long been known that cooking emissions was
regarded as one of the main sources of VOCs in China (Mugica
et al., 2001). Therefore, restaurants and other social activities
had decreased signiﬁcantly about 40%e50%. Correspondingly, the
major air pollutants, such as PM2.5, NO2, and SO2 concentrations
had also dropped by 43.6%, 46.1%, and 50.8%, respectively. This
trend was mainly result from the implementation of air pollution
control policies during the period Ⅱ, and the air quality was
somehow improved as a whole. From the trajectory analysis
perspective, 48-hr air mass back trajectories arriving at 500, 1000,
and 1500 m above ground level at 00 UTC 8th and 10th November
were also calculated. It could be found in Fig. 7(a) and (b) that the
air ﬂows arriving at the UCAS site at 500 m was mainly trans-
ported from Inner Mongolia where the air pollution was relatively
light. For instance, the AQI of many cities (e.g., Hohhot) in Inner
Mongolia were less than 100. And that was different from 19th
and 20th November during period Ⅰ discussed in Fig. 4. From the
meteorological condition perspective, wind speed was the main
cause of pollutant diffusion. The average wind speed during
Fig. 6. Variation of pollutants concentrations during the two periods.
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Therefore, the lower VOCs concentrations during period Ⅱ might
be inﬂuenced by a combination of emission-reduction measures,
direction of air ﬂows, and favorable weather conditions.Fig. 7. 48-hr air-mass back trajectories during 8th and 10th No3.4. Analysis of ozone formation potential
Previous studies on the relationship between O3 and its pre-
cursors have found that the increasing trend of O3 was related tovember, 2014 (the star denote the sampling site of VOCs).
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that O3 chemical production was limited by the VOCs concentra-
tions, and different VOCs species had different contributions to the
O3 formation. To better understand the characteristics of O3 pre-
cursors has become an important issue for implementing effective
O3 control strategies. Thus, the widely used method of Maximum
Incremental Reactivity (MIR) was applied to analysis the ozone
formation potential (OFP) during the two periods discussed above
in suburban area of Beijing. More detailed introduction of this
analysis method can be found in Li et al. (2014). The OFP could be
calculated as follows (Liu et al., 2008b):
OFPi ¼ VOCsi MIRi (4)
OFPij ¼ fij MIRi (5)
where OFPi and VOCsi represents the OFP and concentration of a
certain VOCs species i (mg/m3), and MIRi is the maximum incre-
mental reactivity of VOCs species i (g O3/g VOCs) which can be
found in Carter (1994). OFPij represents the mass of O3 (g) formed
through the species i in 1g VOCs from the two periods. fij is the
percentage of VOCs species i from the two periods.
The top 16 VOCs species ranked by their OFP values according to
VOCs concentrations from ambient atmosphere were listed in
Table 4, which accounting for 82.7%e89.4% of the total OFP. It could
be found that the OFPi values of VOCs during the period Ⅰ and Ⅱ
were 125.5 mg/m3 and 78.2 mg/m3, respectively. The same as VOCs
concentrations, the OFP of VOCs from period Ⅰ was 1.6 times higher
than period Ⅱ. The decreasing level of OFP was directly related to
the implementation of the atmospheric pollution control policy in
Beijing. However, the mass of O3 (g) formed through VOCs species
from the period Ⅰ and Ⅱ in Beijing were not appear to be much
difference, 3.99 gO3/gVOCs and 3.56 gO3/gVOCs, respectively. The
sensitivity components of those two periods were all mainly
contributed by alkenes and aromatics, and the OFP accounted for
87.5% and 83.0% of the total OFP, respectively. This suggested that
O3 control measures should mainly cut down the emissions of al-
kenes and aromatics. Small differences were found on the majority
of these VOCs sensitivity species of OFP. The abundance species to
the contribution of OFP was propene, toluene, m,p-Xylene, butane,
o-xylene, and ethylbenzene, accounting for 62.4%e70.5% of theTable 4
Ozone formation potential of VOCs during the two periods.
Species MIR Period Ⅰ
OFPi (mg/m3) Contribution of species i to OFP (%) OFPij
n-Butane 1.15 2.86 2.28 0.09
Isopentane 1.45 2.79 2.22 0.09
Isobutane 1.23 2.18 1.73 0.07
n-Pentane 1.31 1.76 1.40 0.06
Total alkanes e 15.70 12.51 0.50
Propene 11.66 31.41 25.02 1.00
n-Butene 9.73 11.24 8.95 0.36
trans-2-Butene 15.16 2.38 1.89 0.08
cis-2-Butene 14.24 1.81 1.44 0.06
Total alkenes e 48.73 38.82 1.55
Toluene 4.00 19.07 15.19 0.61
m,p-Xylene 7.80 12.16 9.68 0.39
o-Xylene 7.64 8.48 6.75 0.27
Ethylbenzene 3.04 6.18 4.93 0.20
m-Ethyltoluene 7.39 2.83 2.25 0.09
Benzene 0.72 2.62 2.09 0.08
o-Ethyltoluene 5.59 2.35 1.87 0.07
1,3,5-
Trimethylbenzene
11.76 2.11 1.68 0.07
Total aromatics e 61.11 48.67 1.94total OFP during the two periods. Therefore, control these sensi-
tivity components were the key to restrain atmospheric photo-
chemical reactivity effectively.3.5. Source apportionment of VOCs
The VOCs concentrations during the two periods could bring
signiﬁcant impact on human health, atmospheric visibility, and O3
formation. In order to provide scientiﬁc support for developing
effective pollution mitigation measures, the PMF was applied to
identify the VOCs contribution sources during the two periods. The
relatively high concentrations of 14 VOCs components in suburban
area of Beijing were used for PMF.
Three factors were identiﬁed during period Ⅰ (Fig. 8). Factor 1
explained 20.6% of the contribution and had high loadings of
isobutane and butane which represents the source of liqueﬁed
petroleum gas (LPG) and natural gas (NG) (McCarthy et al., 2013).
Factor 2 (explained 35.2% of the contribution) highly correlates to
isopentane, pentane, 3-methylpentane, 2,2-dimethylbutane, n-
hexane, and cyclohexane. Among them, isopentane was the marker
species of gasoline vapors (Duan et al., 2008), and the abundance of
3-methylpentane was also relatively rich in the gasoline vapors
(Thurston and Spengler, 1985). Volatile emissions from industrial
production (e.g., chemical plant, furniture factory and shoe factory)
was important sources of 2,2-dimethylbutane, n-hexane, and
cyclohexane (Guo et al., 2004). Therefore, Factor 2 is responsible for
the source of gasoline vapors and volatile emissions from industrial
production. Factor 3 explained 44.2% of the contribution and had
high loadings of propene, benzene, toluene, ethylbenzene, m,p-
xylene, and o-xylene, indicating its relation to vehicle exhaust
emission (Chang et al., 2009; Guo et al., 2006).
It could be found that three factors were also identiﬁed during
period Ⅱ (Fig. 9). Similarly, Factor 1, Factor 2, and Factor 3 were
responsible for the source of LPG/NG (30.0%), gasoline vapors and
industrial production (31.5%), and vehicle exhaust emission (38.5%).
The source apportionment results of the two periods were
demonstrated in Fig. 10, which indicated that the contribution of
LPG/NG to the ambient VOCs in the suburban of Beijing was 9.4%
higher during period Ⅱ than period Ⅰ. Vehicle exhaust emission was
found as the main contributor to ambient VOCs during the two
periods, which was consisted with the result conducted in BeijingPeriod Ⅱ
(gO3/gVOCs) OFPi (mg/m3) Contribution of species i to OFP (%) OFPij (gO3/gVOCs)
2.17 2.78 0.10
1.97 2.53 0.09
1.55 1.98 0.07
1.32 1.69 0.06
13.33 17.05 0.61
16.95 21.68 0.77
7.39 9.46 0.34
1.75 2.23 0.08
1.97 2.52 0.09
30.61 39.16 1.40
9.38 12.00 0.43
6.33 8.09 0.29
5.14 6.58 0.23
3.56 4.56 0.16
1.58 2.03 0.07
1.41 1.81 0.06
1.01 1.29 0.05
1.13 1.45 0.05
34.23 43.79 1.56
Fig. 8. Explained variation of three identiﬁed sources during period Ⅰ.
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Fig. 9. Explained variation of three identiﬁed sources during period Ⅱ.
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Fig. 10. Source apportionment results during period Ⅰ and Ⅱ.
G. Wang et al. / Atmospheric Pollution Research 7 (2016) 711e724722by Liu et al. (2005). The contribution of vehicle exhaust emission to
the VOCs was 5.7% lower during period Ⅱ than period Ⅰ due to the
emission-reduction of vehicle operation.
The source apportionment results during period Ⅰ were con-
sisted with the back trajectories calculated at 500 m at 00 UTC 19th
and 20th November discussed in 3.2 chapter. The air ﬂows arriving
at the sampling site was mainly transported from downtown Bei-
jing with large vehicle population and Baoding and Shijiazhuang in
Hebei with many industrial enterprises. VOCs emitted from vehicle
exhaust and industrial production from those areas might make a
contribution to VOCs concentrations in the sampling site. Similarly,
the air ﬂows arriving at the sampling site at 500 m at 00 UTC 8th
and 10th November during period Ⅱ discussed in 3.3 chapter was
mainly transported from Inner Mongolia and Zhangjiakou with
relatively small vehicle population and less industrial enterprises.
The VOCs contribution of vehicle exhaust and industrial production
to the sampling site was relatively small.4. Conclusions
The pollution characteristics of VOCs were investigated in the
suburban area of Beijing, China, covering the period of the APEC
meeting. Alkanes and aromatics were the most abundant VOCs in
atmospheric environment in Beijing, accounting for 40.9 ± 10.1%
and 44.4 ± 12.9% of total VOCs concentrations, respectively. The
increase of VOCs concentrations under haze weather was consid-
ered as the local emission patterns and meteorological conditions.
The hourly variation of VOCs was also found, with the highest
concentration occurring at 8:00 to 9:30 and lowest at 12:30 to
14:00, whichwere inﬂuenced by emission sources and atmospheric
photochemical reaction. The characteristics of VOCs under different
periods were examined, and the VOCs concentration during the
period Ⅱ demonstrated a decreasing tread with 31.0% obviously
than period Ⅰ due to the combination of emission-reduction mea-
sures, direction of air ﬂows, and favorable weather conditions
during the APEC meeting. The MIR method was applied to analysis
the OFP, and the OFP of VOCs from period Ⅰ was 1.6 times higherthan period Ⅱ. The majority of VOCs species were alkenes and ar-
omatics, and the sum of OFP could be accounted for 87.5% and 83.0%
of the total OFP, respectively. The abundance species to the
contribution of OFP was propene, toluene, m,p-Xylene, butane, o-
xylene, and ethylbenzene, accounting for 62.4%e70.5% of the total
OFP during the two periods, respectively. The emission source
contribution to VOCs was examined using PMF. Vehicle exhaust
emission was found as the main contributor, with a contribution of
44.2% and 38.5%, respectively, during period Ⅰ and period Ⅱ.Conﬂict of interest
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